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Identification of Inclusions in Steel by 
Microradiography 
By ERNEST J. DuwELL * 
INTRODUCTlON 
It is necessary to investigate the solution chemistry of the non-
metallic elements in iron to understand the chemistry of steelmaking. 
Most of these elements have an appreciable solubility in liquid iron, 
but may be separated from the iron by precipitation of an insoluble 
compound with another metal. They may also separate from the 
iron when the metal is cooled and solidified; in these circumstances 
an iron salt, or the salt of another metal may be formed. The distri-
bution of a non-metallic element between such phases and what is 
still in solid solution may be described by an equilibrium constant 
that can be calculated from the free energy of formation of the com-
pounds in the system. This procedure is the same as that used to 
describe solubility and precipitat:on phenomena in aqueous solution; 
however, since steelmaking involves temperatures in excess of 1500° 
C., the free energies of formation at these temperatures must be con-
sidered. Such calculations have not eliminated the need to examine 
and analyze precipitates in steel. 
The separation of precipitates from aqueous solutions for examina-
tion is generally a routine matter, and presents no great difficulty. 
In many cases the analogous separation for the study of precipitates 
in steels presents a very formidable problem. Some very stable pre-
cipitates such as aluminum oxide are easily separated by dissolution 
of the iron in acids; less stable precipitates such as iron oxides or 
borides require more elaborate procedures. 
The precipitates in steel, or inclusions as they are more commonly 
called, not only reflect the chemistry of the molten state, but also 
may affect the physical properties of the cooled metal ( 1). For in-
stance, a metallic salt may precipitate before or after the steel 
solidifies. In the latter case the inclus'.ons are found to surround the 
grains or crystallites of iron. Such a precipitate will become liquid 
before the iron matrix and therefore will act as the weakest link in 
the matrix at elevated temperatures. A high melting precipitate will 
usually appear as an angular inclusion surrounded by iron. Such in-
clusions are not usually found to affect the strength of the matrix. 
*Presently located in the Central Research Laboratories, Minnesota Mining 
and Manufacturing Company, St. Paul, Minnesota. 
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Obviously, a knowledge of the morphology and location of in-
clusions in steel is an aid in both studying the chemistry and pre-
d'.cting the physical properties of steel. This information is generally 
obtained by polishing and chemically etching the surface of a steel 
sample, and subsequently observing the surface through a light 
microscope. Much has been published describing the physical and 
chemical procedures for preparing samples for microphotography. 
The technique has several serious disadvantages; only the surface 
can be viewed, and a thorough knowledge of the chemical reactivity 
of the inclusions is necessary to understand the action of the chemical 
etchants on the surface. In order to partially overcome these dis-
advantages, the technique of microradiography has been used. This 
technique permits examination of inclusions that are surrounded by 
metal, and segregations of specific elements can be detected and 
identified. It has been used in this application by G. L. Clark, W. 
Betteridge and others ( 2, 3). For these same reasons the technique 
is of potential use in petrography, biology, ceramics, and many other 
fields in which heterogeneous solids are investigated. An extensive 
bibliography of applications of the technique has been prepared by 
Eastman Kodak Co. (4, 5). 
EXPERIMENTAL 
Radiography depends on the fact that x-rays will readily penetrate 
matter, and that the transmitted x-rays can be photographically 
recorded. Highly absorbing volumes will appear as "shadows" on 
the photographic plate. If the photographic plate is enlarged so as to 
detect microscopic "shadows,'' the technique is called microradi-
ography. 
The decrease in the initial intensity, I 0 , of an x-ray beam to a 
value, "I," as it passes through a sample may be written 
I= I 0 e-1td 
where µ, is the linear absorption coefficient, and d is the distance 
traversed in the sample. For a given element, absorption increases 
sharply with wavelength until a sharp discontinuity is reached at the 
"absorption edge" (Figure 1) . The absorption edge corresponds to 
radiation which will excite the K, L, or M spectra of the absorbing 
element. At this wavelength the absorption coefficient abruptly falls 
and then slowly begins to rise again. The wavelengths of the ab-
sorption edges are unique for each element, and elements can there-
fore be identified by them. The linear absorption coefficient µ, may be 
written 
µ, = k N4 A:i 
where N is the atomic number and ,\ is the wavelength. "k" is a 
constant between absorption edges. It is apparent that absorption 
also increases rapidly with atomic number. 
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Figure I. Mass absorption coefficient, µ/ p, plotted as a function of wavelength for iron 
and manganese. (Values taken from Internationale Tabellen.) 
Versatility depends on the range and specific x-ray wavelengths 
that are available. For a single tube, the emitted x-rays can be 
modified by the use of filters and voltage setting. The wavelength 
of the continuous white radiation abruptly cuts off at a minimum 
wavelength dependent on the operating voltage. The relation is, 
Amin.= 12,350/V 
where Amin. is the minimum wavelength in angstroms, and V is the 
peak operating voltage. Superimposed on this background are the 
line spectra of the target element. This radiation of specific wave-
length is the most useful. One spectral emission, usually the Ka 
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doublet, can be used exclusively of other spect ral em1ss10ns such as 
the K f3 by use of a filter element that has an absorption peak cor-
responding to the wavelength of the undesirable spectral line. 
For examination of a particular material, careful consideration 
must be given to the number of available combinations of target 
materials, filters, and operating voltages, to produce the best possible 
microradiograph . 
The number of commercially available tubes with different targets 
is limited. However, with a s:ngle high intensity source, such as is 
available with a tungsten tube, secondary sources may be produced 
by bombardment with x-rays by the primary source. The approach 
has not been generally used fo r microradiography because of inherent 
problems of low intensity and long exposures. 
To avoid confusion from overlapping, the samples must be of a 
thickness that is only several times greater than the size of the in-
clusions of interest. For steel, foil s two to fi ve thousandths of an inch 
thick permit most inclusions to be easily distinguished from their 
surroundings. Such foil s are easily prepared by mount:ng fl a t samples 
on a magnetic chuck and grinding them to the proper thickness with 
a soft wheel. Highly polished sur face fi nishes such as those necessary 
fo r photomicrographs are not usuall y necessary. 
Figure 2. Flat Plate Camera for Microradiography. The flat plate camera is shown dis-
assembled with a developed plate and metal foil in t he foreground . Four Allen 
screws hold the foil and photographic plate in close contact. An All en set 
screw (not visible) holds the flat plate camera on the sample moun t of the Debye-
Scherrer camera in the background. The aperture is 1 / 8 inch in diameter. 
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Figure 3. Flat Plate Camera Mounted for Exposure. The flat plate camera is mounted for 
X-ray exposure. The black masking tape prevents light leakage between the 
pla tes and subsequent blackening of the plate. The entrance sl it can be used 
to collimate the beam for greater resol ution. For magnification of XIOO , use of the 
entran ce sli t does not vi3uall y improve the negative. 
The magnification that can be attained depends on the degree to 
which the photographic plate can be enlarged. A resolving power of 
more than 1000 lines per mm . is claimed for Kodak 649-0 spectro-
scopic plates. These plates were developed with D-19 developer as 
recommended. Magnifications of 200X were easily obtained from the 
negatives, which were enlarged in a metallograph, and contact prints 
were prepared from the metallographic plates. All microradiographs 
in thi s article are magnified lOOX. Since these prints are from a 
third photographic process, they correspond in appearance to the 
original negative . 
Collimation of the x-ray beam, and good sample to film contact 
are necessary for maximum resolution. This has been done by the use 
of a simple flat plate camera which was conveniently mounted in a 
Debye-Scherrer powder camera (Figs. 2 and 3). If a crystallite in 
the sample is in proper orientation, diffraction of the x-ray beam 
may take place, and the diffracted beam may appear on the negative 
as a dark spot. On first sight, this would be indistinguishable from 
a void or volume of low absorption in the sample. However, sirice the 
fl at plate camera can be rotated on its mount, the dark spot can be 
eliminated by a few degrees rotation of the sample, if diffraction took 
place. The slight rotation will have only a negligible effect on the 
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figure 4. 
Figure 5. 
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Microradiograph of a Leaded High Sulfur Steel. This steel contains approxi-
mately .30% sulfur and .75 % manganese. The inclusions are elongated in the 
direction of rolling. CrKa radiation was used to prepare the microradiograph. 
The highly absorbing lead bearing areas appear as white 'tails'. The sulfide center 
of the inclusions is the least dense material in the steel 1 and therefore appears 
darkest on the photograph. :Magnification is lOOX. 
'Microradiograph of a Leaded Steel. This steel is similar in composition to t~e 
steel in Figure 4 except that the sulfur content is below .05%. The lead 1s 
again noted to be associated with the non• -metallic matter in the steel. The micro-
radiograph was prepared by the same procedure as in Figure 4. The streaks run· 
ning perpendicular to the rolling direction are caused by grinding roughness on 
the surface of the foil. 
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appearance of the negative as caused by absorption. Absorption and 
diffraction effects are easily distinguished by this procedure. 
RESULTS 
Lead is added to steel to improve machinability, and in this ca-
pacity has become an important additive in the production of the 
free-machining steels ( 6). Because lead has an atomic number far 
greater than any other element alloyed to most plain carbon steels, 
metallic lead or a lead salt should absorb x-rays much more than any 
other constituent. Figures 4 and S are microradiographs of leaded 
steels. The latter steel contains less than .S'/o sulfur and the former 
contains approximately .30'/o sulfur. In both cases the lead is asso-
ciated with non-metallic matter in the form of two-phase inclusions. 
The non-metallic part of the inclusion absorbs less x-rays than the 
iron matrix, and therefore appears darker than the surrounding 
matrix. It is not possible to determine from the microradiograph 
whether the lead is in the metallic form or exists as an inorganic salt. 
Chemical and thermodynamic considerations would lead one to expect 
the lead to be metallic. However, the most important information 
that is derived from these data is the fact that the lead and non-
metallic matter are physically associated. These two-phase inclusions 
were probably one-phase liquid droplets in the steel at elevated 
temperatures. 
The steels in figures 4 and S both contain approximately .75% 
manganese and .10'/o carbon. Electrolytic separation of the metal 
from the non-metallic matter, and x-ray diffraction analysis of the 
residue, indicated the presence of large amounts of manganese sulfide 
in the high sulfur steel. The non-metallic phase of the inclusions in 
this steel could reasonably be assumed to be manganese sulfide. Micro-
radiographs were used to confirm this conclusion. Figure 6 is a 
microradiograph of the same inclusions seen in Figure 4 except that 
CoKa radiation was used rather than Cr radiation. CoKa radiation 
falls on the short wave side of the "K" absorption edge of manganese 
(Figure 1), and manganese rich areas are therefore very absorptive. 
It is apparent that the non-metallic centers which previously appeared 
darker than the iron matrix are now lighter. However, the manganese 
sulfide is still not as absorptive as the lead. It may therefore be 
concluded that manganese is concentrated in those volumes which 
previously had only been identified as being non-metallic. 
The preceding microradiographs were prepared from steels that 
had been reduced in size. The inclusions were therefore elongated in 
the direction of rolling. Figure 7 illustrates the appearance of sulfide 
inclusions in a non-leaded steel before the ingot is reduced in size. 
The arrangement of the inclusions on a line, which corresponds to a 
sheet in the metal, is a result of concentration of the inclusions at the 
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Figure 6. Microradiograph of a Leaded High Sulfur Steel. This microrad iograph, prepared 
with CoKa radiation which falls on the short wavelength side of the absorp tion 
edge of manganese, includes the same inclusions examined in Figure 4. It is 
apparent that the cen ters of the inclusions are now lighter than the iron matrix. 
This results from using a radiation which fall s on the top of the K-absorption 
edge of manganese, but not of iron. The centers therefore must contain' manganese. 
grain boundaries. Many of the same inclusions, when examined with 
CoKa radiation , are found to consist of at least two phases (Figure 
8) , one of which contains little or no manganese. This concentration 
gradient of manganese is also noted when a foil is prepared from a 
section perpendicular to the rolling direction of a reduced piece of 
steel. A microradiograph of such foil is shown in Figure 9. The 
inclusions are elongated in the direction perpendicular to the plane 
of the film. In most inclusions it is evident that the centers are 
either devoid of manganese or contain only a small amount of this 
element. The same inclusions are shown in Figure 10. This micro-
radiograph was prepared with Ni rad iation, which falls on the short 
wave side of both the iron and manganese absorption edges (Figure 
1) . The manganese phase and iron matrix are now almost indis-
tinguishable, but the centers remain very non-absorptive. It may be 
concluded that the center phase does not contain iron either. The 
only other material in the steel in sufficient quantity to account for 
the inclusion centers is silica. It can be shown with other radiations 
that this center phase is indeed less dense than manganese sulfide, as 
would be the relationship of silica to manganese sulfide. This effect 
can be noted in Figure 7, which was prepared with a molybdenum 
target tube. 
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Figure 7. :M:icroradiograph of Inclusions in an Ingot. Th e microradiograpl1 was prepared 
with MoKa radiation. The steel conta ined approx imately .30% sulfu r and .80% 
manganese. Magnification is Xl 00. 
Figure 8. Microradiograph of Inclusions in an Ingot. The same inclusions are examined 
as those in Figure 7 except that Co Ka radiation was used to prepare the micro-
radiograph. The concentration of manganese in the major phase of two phase 
inclusions is evident. 
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Figure 9. Microradiograph of Inclusions in a High Sulfur Steel. The microradiograph was 
prepared with CoKa radiation . The inclusions are elongated perpendicular to the 
plane of the picture and approxinrnte the thickness of the foil in length. The 
centers of the inclusion.~ contain little or no manganese . 
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Figure 10 . 1\1icroradiograph of Inclu5ions in a High Su1fur Steel. These are the same in-
clw~ions shown in Figure 9. Unf1itered Ni radiation was used to prepare the 
the rnicroradiograph. Note that those volumes which do not contain manganese 
have very low absorption coefficients. NiKa radiation falls on the K-absorption 
edge of both Fe and Mn'. The steel matrix therefore appears very light. 
10
Proceedings of the Iowa Academy of Science, Vol. 65 [1958], No. 1, Art. 29
https://scholarworks.uni.edu/pias/vol65/iss1/29
218 
Figure 11. 
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Microradiograph of a Steel Chip. The microrad iograph was prepared with CoKa 
radiation. Magnification is IOOX. Fis;ures and grooves appear dark. Machining 
took place in direction of streaks. Smea rin g of sulfide inclusions in the direction 
of machining is ev ident. 
Fi~ure 12. Microradiograph of Heated Inclusions (1000° C.). Manganese bearing volumes 
appear white because CoKa radiat ion, which falls on the short wave side of the 
manganese absorpt ion edge, was used. Voids appear black. N ote how some 
molten inclusions have coalesced to liquid droplets inside an inclusion near the 
center of the field. 
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Microradiographs can also be prepared of irregular sections, and 
the effect of mechanical or thermal treatments of the matrix on 
single inclusions can be noted. A microradiograph of a chip of steel 
produced in machining is shown in Figure 11. 
Figure 12 is a m'.croradiograph of a cold rolled steel which con-
tains sulfide inclusions and has been heated to 1000° C. That melting 
occurred at this temperature is apparent from the appearance of the 
inclusions. This non-metallic matter in steel was found to be com-
posed largely of manganese sulfide by x-ray diffraction. Pure man-
ganese sulfide (MnS) does not decompose or melt at temperatures 
several hundred degrees in excess of the temperature of the heated 
foil. The lower observed melting temperature is probably a result 
of the solid solution of other elements in the manganese sulfide lattice. 
Future comparative investigations of pure compounds and inclu-
sions in steel may yield more information about the composition of 
precipitates in steel, and the chemical reactions which yield such 
precipitates. 
The author wishes to thank the staff of the Graham Research 
Laboratory of the Jones and Laughlin Steel Corporation for their 
cooperation and permission to publish this information. 
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